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Abstract 
Spherical and monodispersed silver nanoparticles (AgNPs) are ideal for fundamental 
research as the contribution from size and shape can be accounted for in the 
experimental design. In this paper a seeded growth method is presented, whereby 
varying the concentration of sodium borohydride reduced silver nanoparticle seeds 
different sizes of stable spherical nanoparticles with a low polydispersity 
nanoparticles are produced using hydroquinone as a selective reducing agent. The 
surface-enhanced Raman scattering (SERS) enhancement factor for each nanoparticle 
size produced (17, 26, 50, & 65 nm) was then assessed using three different analytes, 
rhodamine 6G (R6G), malachite green oxalate (MGO) and thiophenol (TP). The 
enhancement factor gives an indication of the Raman enhancement effect by the 
nanoparticle. Using non-aggregated conditions and two different laser excitation 
wavelength (633 nm and 785 nm) it is shown that an increase in particle size results in 
an increased enhancement for each analyte used. 
 
1. Introduction 
Inorganic nanoparticles are being used in an increasing amount of applications due to 
their properties such as photoluminescence (e.g. CdSe and CdTe), magnetic moment 
(e.g. iron oxide and cobalt), particle plasmon resonance absorption (e.g. silver and 
gold)[1, 2]. The latter are finding huge potential in applications for sensitive optical 
diagnostic tools due to the high electron and strong optical absorption, which makes 
them ideal candidates as substrates for SERS. This spectroscopic method, the Raman 
signal of an analyte which is intrinsically weak can be enhanced when absorbed or in 
close proximity to a silver or gold nanoparticle surface. AgNPs were used in the first 
claims of single molecule detection both in colloid solutions[3] and on a planar 
substrate[4]. 
Since the particle plasmon resonance absorption is dependent on various factors such 
as the surface, the dielectric constant of the metal, the shape and the size of the 
particle, it is important to have a well-characterized substrate. This gives the rise to 
the need of nanoparticle synthesis that produce reproducible, homogenous and 
monodispersed nanoparticles. There are various synthesis routes by which silver and 
gold nanoparticles[5] are obtained. While the preparation of spherical monodispersed 
gold nanoparticles are well characterized the preparation of AgNPs still seems to pose 
a challenge to produce spherical monodispersed nanoparticles which are suitable as 
SERS substrates. Most of these preparations result in polydispersed sols with different 
morphologies[6-8]. Other methods for preparing different sized monodispersed 
AgNPs using conventional polyol method[9], however the poly(vinyl pyrrolidone) 
coats the nanoparticle making it difficult for the surface to be accessible to the analyte 
to be detected by SERS.  
This paper therefore tackles this challenge and expands on previous hydroquinone 
(HQ)[10, 11] reduction methods. A simple and effective method for the preparation of 
a wide range of sizes of spherical monodispersed nanoparticles using a seeded growth 
method is shown. A desired size of nanoparticle can be easily obtained by changing 
the seed concentration while keeping all other reagents constant. This was done by 
using sodium borohydride reduced silver nanoparticles as seeds and HQ as the 
reducing agent for the AgNO3 salt. HQ is a selective reducing agent as it allows silver 
ions to be reduced only on the seed particles present and thus reduces secondary 
nucleation sites giving better monodispersity. The different size ranges of 
nanoparticles produced were subsequently tested for their efficiency as SERS 
substrates to find the optimal size at which the maximum intensity is delivered. Such 
a study is important as it is known that the enhancement increases with particle size 
increase[12, 13], however it follows that an increase in size also means nanoparticles 
absorb less and scatter more through inelastic scattering[14], this can be explained by 
scaling differences between absorption and scattering[15]. An increase in size of 
AgNPs whilst the Ag concentration remains constant implies that the surface area 
available for the analyte to adsorb decreases. Hence the overall effect on the SERS 
response is a balance between enhancement, scattering and surface area. To avoid 
overestimation of the SERS enhancement the enhancement factor has to be real, that 
is an enhancement that would not be present under non-SERS conditions for the same 
molecule. SERS enhancement factors are usually separated into two main 
multiplicative contributions; the electromagnetic (EM) enhancement and the chemical 
enhancement (CE). The EM enhancement is due to the coupling of the incident and 
Raman electromagnetic field with the SERS substrate, while the CE origins are still 
controversial [16]. The most widely accepted mechanism for the latter is through a 
charge transfer mechanism [17]. The EM enhancement factor is thought to be the 
dominant contribution, however it is not necessary to know the exact origin to 
measure the overall enhancement factor.  
In fact in this paper three analytes with different optical and chemical properties are 
used giving the possibility of understanding better the effect of nanoparticle size on 
different analytes by measuring the analytical enhancement factor (AEF). Since the 
AEF strongly depends on the adsorption properties and surface coverage of the probe 
identical experimental conditions were used with all the different sizes and analytes 
used. AEF measurements are easily obtained and reproducible therefore can be used 
to monitor the average effect of nanoparticle size on the SERS signal. 
 
2. Materials and Methods  
2.1 Chemicals and Materials.  
Silver nitrate (AgNO3K\GURTXLQRQH&6H6O2WULVRGLXPFLWUDWH
dihydrate (Na3C6H5O7
 .
 2H2O, 99%), sodium borohydride (NaBH4, 99%) rhodamine 
6G (R6G) (C28H31N2O3Cl, 98%), malachite green oxalate (C52H54N4O12), thiophenol 
(C6H66HWKDQRO&2H6O, 99%). All chemicals were purchased from Sigma-
Aldrich and used without further purification. All water used was doubly distilled 
(PȍFP 
2.2 Synthesis of AgNPs.  
The synthesis of the different sizes of AgNPs were prepared by a two step process; 
the preparation of AgNP seeds by sodium borohydride reduction, followed by a 
controlled seeded growth of the AgNP seeds with the reduction of AgNO3 with 
hydroquinone. All glassware was soaked in aqua regia for two hours and thoroughly 
rinsed with doubly distilled water.   
2.2.1 Seed preparation.  
The sample preparation method used is a modification of the method reported by 
Creighton et al.[6]. The Ag colloid seed solution was prepared by preparing a 0.002 m 
sodium citrate solution (10 mL). Under vigorous stirring to the latter solution of 0.1 m 
AgNO3 (50 µL) was added followed by a drop wise addition of 0.1 M NaBH4 (1 mL).  
2.2.2 AgNPs with controlled size ranges procedure.  
The sample preparation method used is a modification of the method reported by 
Gentry et al.[10]. The different sizes of AgNPs were prepared by varying the amount 
of seed concentration whilst keeping all other reagents concentration constant. Hence 
a 0.1 M AgNO3 (100 µL) solution was added to a varying volume of H2O (7.2 mL ± 
9.7 mL) in a 15 mL scintillation flask. Under rapid stirring at room temperature a 
varying volume of sodium borohydride reduced silver nanoparticles (0.08 mL ± 2.56 
mL) were added followed by 0.1 M sodium citrate (22 µL) and of 0.03 M (100 µL) 
hydroquinone, thus giving a final solution volume of 10 mL.  
2.3 Instrumentation and Measurements:  
2.3.1 UV/Vis Spectroscopy. 
 The extinction spectra of the colloids were recorded using a Varian Cary 300 Bio 
spectrophotometer directly after preparation of each nanoparticle size over a 
wavelength range of 200-800 nm. The extinction spectra of the colloid were recorded 
again after addition of the analytes. The baselines were recorded using doubly 
distilled water and the samples were diluted accordingly to remain in the absorption 
response limit of the spectrometer. The seed concentration was calculated by Beer-
/DPEHUWV¶ODZZKHUHE\Whe extinction coefficient used was 4.16 x 109 M-1 cm-1. 
2.3.2 Scanning Electron Microscopy.  
A sample from each nanoparticle preparation was prepared on a polycation 
functionalized silicon wafer. The wafer was first cleaned using water and ethanol, 
then dried in a nitrogen flow. The wafer was then placed in an oxygen plasma cleaner 
for 60 seconds. PDDA (30 µL) was dissolved in 1 mM NaCl (1 mL), the solution was 
used to coat the clean wafer by spotting the wafer with the solution with a pipette and 
then leaving it for 30 minutes under a water-saturated atmosphere. After this step it 
was washed off and dried in a nitrogen flow. Each AgNP (100 µL) sample was put 
onto the PDDA-functionalized silicon wafer for 15 minutes under a water-saturated 
atmosphere. The sample was then washed off and dried in a nitrogen flow. Using a 
scanning electron microscope (FEI Sirion 200 ultra-high-resolution Schottky Field 
HPLVVLRQJXQHLJKWµVQDSVKRW¶LPDJHVZHUHWDNHQIRUHDFKVDPSOH)URPWKHLPDJHV
obtained the diameter was calculated using Image J[18], an image processing and 
analysis software. An automated method was used to measure the particles, whereby 
the particles must have a range between 10 nm ± 100 nm and the circularity of the 
particles must be around 0.8 ± 1 (where circularity is defined as Circularity = 
ʌ$UHD3HULPHWHU2)) as to avoid any aggregates that might be present. Before the 
particles were measured the images were converted to gray scale 8-bit images, 
enhanced by binary contrast enhancement (tresholding) and the scale was calibrated. 
More than 600 particles were measured for each size. 
2.3.3 Dynamic Light Scattering (DLS) and Zeta-potential measurements.  
The size and zeta-potential of the different sized AgNPs were measured before and 
after addition of MGO, R6G and TP using a Malvern Zetasizer (Nano-ZS) instrument. 
The standards for size were Nanosphere size standards 20 nm (± 1.5 nm, Lot. 339300) 
and 40nm (±1.8 nm, Lot. 33306), while the standard for the zeta-potential used was 
zeta-potential transfer standard (-68mV ± 6.8mV, Batch No. 051001). 
2.3.4 Raman Measurements 
To 300 µL of AgNP, 33 µL of 1.6x10
-5
 m R6G solution were added to give a final 
concentration of dye of 1.6x10
-6
 m. The same volumes and concentrations were used 
for the other analytes MGO and TP.   
The SERS spectra of three identical samples was recorded after one minute of mixing 
the analyte with the AgNPs with an instrumental setup in a confocal arrangement at 
an extinction wavelength of 633 nm. The SERS spectra were obtained with an 
exposure time of 2 seconds and 5 accumulations. The setup consisted of a Leica 
DM/LM microscope equipped with an Olympus 20x/0.4 long-working distance 
objective that collects 180º backscattered light from a cuvette. The spectrometer 
system was Renishaw Ramascope System 2000 (Gloucestershire, UK). The same 
procedure using the same experimental setup was used using an excitation wavelength 
of 785 nm with an exposure of 20 seconds and 5 accumulations.  
0.01M solutions of MGO andR6G, and a 9.3m TP ethanolic solution TP. A 1x10
-6
 m 
MGO solution was prepared to obtain a Raman spectrum at 633 nm laser excitation 
wavelength. The Raman spectra of three identical samples were recorded using the 
same experimental conditions and setup as described previously for obtaining the 
surface enhanced Raman spectra. 
 
3. Results and Discussion 
In this study a range of sizes of silver nanoparticles were prepared using an improved 
method, which give monodispersed spherical particles. The optimal size for SERS 
was then assessed by comparing the signals from the different sizes prepared to the 
signal from an unenhanced Raman experimental setup. Silver was chosen for the 
study not only because it has a strong optical response and a narrower particle 
plasmon resonance than gold[19-22] but also due to the need of a well characterized 
method for preparation of homogenous monodispersed AgNPs.  
3.1 Synthesis and Characterization 
The AgNPs were synthesized using HQ as a selective reducing agent using a modified 
version of the seeded growth method used by Gentry et al.[10]. In this paper it is 
shown that different sized nanoparticles can be prepared by varying the seed 
concentration. Other seeded growth methods have already been reported both for gold 
and silver nanoparticles[10, 23-26] but not with HQ as a reducing agent. HQ is widely 
used in photographic film development and selectively reduces silver ions in the 
presence of metallic silver nanoclusters[10, 27, 28]. The weak reducing potential of 
HQ (Eº = -0.699 v NHE) is unable to reduce isolated Ag
+
 as it has a more negative 
reducing potential of -1.8V. However Ag
+
 can be reduced in the presence of silver 
(Ag
0
) as the reducing potential changes to +0.799 V. 
For the synthesis of different sized silver nanoparticles, HQ was used as it is a weak 
reducing agent and as mentioned above it selectively reduces silver ions only in the 
presence of AgNP seeds as represented in figure 1. Reduction by HQ has its own 
practical aspects as the reduction reaction is complete in a short period of time (15 
minutes maximum) and it occurs at room temperature.  Also HQ gives poor steric 
hindrance but also binds weakly to the silver surface of nanoparticles therefore such 
nanoparticles can be easily modified with different modifiers which would be better 
suited for subsequent applications.  
FIGURE 1 
The nanoparticles prepared by HQ in this paper were stabilized with sodium citrate. 
The seed used for the growth of the nanoparticles were prepared by sodium 
borohydride reduction of silver nitrate, which give small enough nanoparticles to 
serve as seeds onto which further layers of silver can be added on. This nanoparticle 
preparation is reported to produce polydispersed sols and particles of different 
morphologies[6], as can be confirmed from the SEM images obtained (see figure 2a). 
The nanoparticles grown from the seeds however are monodispersed and of a 
spherical shape as confirmed by the SEM images (see figure 2 b-e). The different 
sizes were produced by varying the concentration of the seed while keeping the 
amount of silver nitrate and HQ constant (see table 1).  
TABLE 1 
As the seed concentration is gradually decreased less nanoparticles will be available 
for the silver nitrate to be reduced on to therefore larger nanoparticles are gradually 
produced.  It is to note that the silicon wafers were treated with PDDA a polycation 
which due to the positive charges on its backbone prevents aggregation of the 
negatively charged AgNPs during the drying process in the SEM preparation steps 
due to Coulombic attractions. The images obtained then give a better representation of 
what is in solution. As seen in figure 2 b-e very few aggregates are present, 
suggesting that no nanoparticle clusters are present in solution.  
FIGURE 2 
The four samples produced were characterized by SEM, whereby eight SEM images 
from each sample were measured by an automated process on Image J [18] software 
from which it was calculated that as the seed concentration is decreased from 0.542 to 
0.009 nM the size increased from 17 nm to 65 nm (see table 1) and that the samples 
produced are relatively monodispersed as the SEM images in figure 2(b-e). The full 
width at half maximum (FWHM), as well as the standard deviation increase as the 
size of the AgNPs increases (see table 1).  
This broadening of the extinction spectra can be attributed to additional multipolar 
resonances which become more significant as the particles get larger [21] and as 
expected a red shift was observed as the size is increased starting from a maximum of 
390 nm for the seed up to 513 nm for the larger nanoparticles[12, 29-33] (figure 3).  
FIGURE 3 
The extinction spectra (figure S1), size (figure S2) and zeta-potential (figure S3) of 
the AgNPs were measured before and after addition of the analytes to check 
nanoparticle stability. The DLS shows different particle sizes for the different samples 
of AgNPs produced for which after most additions of analyte no significant shift in 
WKHQDQRSDUWLFOHV¶H[WLQFWLRQVSHFWUDZHUHREVHUYHGDQGWKH'/6GDWDVKRZQR
significant increase in the hydrodynamic diameter. The zeta-potential for all different 
sized AgNPs produced show that stable particles are produced as the zeta-potential is 
around -30mV, due to the citrate layer that is adsorbed to the nanoparticle surface. A 
slight decrease in zeta-potential can be observed suggesting that the analytes has 
adsorbed to the surface without causing any aggregation of the colloid (figure S3). On 
the other hand when TP was added it is interesting to note that for the larger sized 
nanoparticles aggregation occurs as a red-shift is observed in the extinction spectra, 
aggregation was also confirmed by the DLS data and the zeta-potential measurements. 
(figures S1, S2, & S3). 
 
3.2 Surface Enhanced Raman Scattering 
The extinction spectra of the nanoparticles produced have a low extinction above 600 
nm therefore being off-resonance with the 633 and 785 nm laser excitation used. The 
analytes chosen to study the effect of spherical AgNP size on SERS intensity were the 
dyes rhodamine 6 G (R6G) and malachite green oxalate (MGO) and the sulfur 
containing molecule thiophenol (TP).  
The three analytes adsorb to the surface (chemisorbed for TP and physisorbed for 
MGO & R6G) of the negatively charged AgNPs as R6G and MGO are positively 
charged dyes, while TP has a thiol group which has a great affinity towards silver[34-
36]. The two dyes have been extensively studied in SERS experiments as they have 
reliable photostability[35, 37, 38]. R6G has a maximum adsorption of 530 nm and is 
off-resonance with both excitations used however MGO which has an excitation 
maximum at 621nm, therefore at 633 nm is in resonance with the laser. This gives the 
possibility to compare between off-resonance and resonance SERS intensity with 
different sizes. The non-dye analyte thiophenol was used which is off-resonance to 
both laser wavelengths used, and no fluorescence or photobleaching hinders the SERS 
measurement. 
The Raman enhancement effect in the SERS experiment was determined by the AEF, 
which is denoted by G, describes the enhancement of the Raman signal per molecule 
adsorbed on the surface of a SERS-active species (in this case AgNPs)[39, 40]. G is 
calculated as: ࡳ ൌ ࡵࡿࡱࡾࡿࡵࡾࢇ࢓ࢇ࢔ ࡹ࡮࢛࢒࢑ࡹࡹ࢕࢔࢕࢒ࢇ࢟ࢋ࢘  (1) 
where ISERS and IRaman are the Raman intensity enhanced by AgNPs and unenhanced 
intensity respectively. MBulk and MMonolayer are the molar concentrations of the analyte 
in an unenhanced experiment and enhanced experiment respectively. MMonolayer for the 
different sizes of AgNPs produced was calculated (see supplementary information) 
assuming total nanoparticle surface coverage of the analytes, whereby a single R6G 
molecule occupies an area of 0.4 nm
2
 on the surface of the AgNP[41]. This value was 
used as an approximate value for MGO. While for TP a single molecule occupies and 
area of 0.3 nm
2 
[36]. To ensure monolayer coverage around the nanoparticles a 
concentration of 1.6x10
-6
 M of analyte was used (see figure S4 in the supporting 
information). The Raman spectra for all three analytes from which IRaman were 
obtained at a higher analyte concentration than in the SERS condition experiments, as 
peaks could not be resolved at those low concentrations. The Raman spectrum of 
MGO at 633 nm excitation wavelength however had to be taken at a concentration of 
1µM due to the high fluorescence background as the laser excitation wavelength was 
close to the absorption peak of the dye.  
The SERS intensity for the different AgNPs sizes were monitored at two different 
Raman peaks for each analyte used (see figure S5 in the supporting information). The 
Raman shift of 1361 cm
-1 
(in-plane bending and aromatic C-C stretching) and 1508 
cm
-1
 (aromatic C-C stretching) for R6G were used, while for MGO 1365 cm
-1 
(N-C 
stretch) and 1395 cm
-1 
(C-C and C-H in-plane motion aromatic) and for TP 997 cm
-1 
(in-plane ring breathing mode) and 1022 cm
-1 
(in-plane C-H bend) were used[42, 43]. 
These bands were chosen as no shift in frequency is observed when going from the 
Raman spectrum of the neat analyte solution to the spectrum taken under SERS 
conditions, that is the frequency of the vibration chosen are not effected by the 
adsorption to the surface of the nanoparticle (see figure 4).  
FIGURE 4 
It is to note however that the SERS spectrum of TP has a few changes when 
compared to neat TP. These changes are due to the adsorption of the molecule to the 
silver surface[43, 44]. The band at 917cm
-1
 in the Raman spectrum which is attributed 
to the bending vibration of the S-H bond is no longer detected which indicates that the 
TP is chemisorbed on silver surface by the breaking of the S-H bond. Further 
evidence of TP is S-bonded to the metal surface is the shift of the 1092cm
-1
 peak 
(ring-EUHDWKLQJPRGHFRXSOHGWRWKHȞ&-S) mode) further down to 1068cm-1 [44](see 
figure 4) 
3.3 SERS vs. Size 
For the samples where no aggregation occurred after addition of the analyte as 
expected[39], the SERS intensity and the G value increases with particle diameter as 
electromagnetic enhancement increases with size (see table 2) . For TP addition an 
increase in intensity and G value was also observed however contribution by 
aggregation for the larger sized nanoparticles affected the SERS intensity.  
TABLE 2 
Nonetheless the fact that an increase in enhancement factor was observed for all three 
different analytes suggests that SERS intensity is not only probe dependent.  
MGO which absorbs at 621 nm is close to the 633 nm laser wavelength used and an 
enhancement can be seen for all nanoparticle sizes. On going to a longer laser 
wavelength (785 nm) spectra can be still be obtained for most nanoparticle sizes, with 
enhancement increasing with size. It is to note that the enhancement at 785 nm is 
greater than at 633 nm laser excitation, this can be due to the dye being resonant at 
633 nm and some degree of photobleaching of the dye occurs which in turn reduces 
the SERS intensity. When using R6G however which is off-resonance with both laser 
wavelengths used enhancement of the Raman spectra at the concentration used in the 
experiment can only be seen for larger sized nanoparticles, this can be attributed to a 
reduced adsorption efficiency of the dye molecule due to the lack of colloid activation 
by NaCl as suggested by Kneipp et al.[45]. A higher enhancement factor is given at 
633 nm laser excitation wavelength close to R6G absorption maximum though still 
being off-resonance rather than at a longer 785 nm wavelength.  
For TP (a good Raman scatterer molecule) SERS spectra were obtained for all of the 
peaks monitored, even for the small sized nanoparticles where no aggregation 
occurred upon addition of TP. Enhancement factors are high even for smaller sizes of 
AgNPs when TP is used. This can be due to the adsorption of the molecule through 
the formation of a thiol bond between the silver and sulfur. If it is assumed that the 
benzene ring of TP extends out of the AgNP surface, the Raman modes which are 
aligned with the local field are favored hence a larger enhancement factor for the 
peaks observed, even at small silver nanoparticle size. For the larger nanoparticles 
aggregation played an important role in enhancement of the Raman peaks hence the 
enhancement cannot be solely related to the size of the nanoparticles.   
This study shows us that for non-aggregated SERS experiments larger AgNPs are 
ideal for both on- and off-resonance setups, whereby the larger SERS intensities and 
enhancements are given.  
 
4. Conclusion 
A simple and fast method for the production of spherical, monodispersed 
nanoparticles of tunable size by the selective reduction of AgNO3 on silver seeds with 
HQ is reported. It was concluded that the maximum enhancement of the Raman 
spectrum and SERS intensities for all three analytes MGO, R6G, and TP in SERS 
conditions is with 65 nm AgNPs. These particles have the potential for being used for 
other diagnostic purposes in off-resonance and in-resonance setups, as their optical 
response can be modified by simple tuning of their size. 
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Figures 
 
Figure 1. Schematic representation of growth of silver seeds (left) into larger silver nanoparticles by the 
reduction of silver ions by hydroquinone. 
 
 
Figure 2. Sample SEM images of seed (a) and AgNPs (b-e) produced by the seed growth method. Images a 
to e correspond to average sizes of 11, 17, 26, 50, and 65 nm, respectively. Note that scale bars in images 
a-d are 200 nm while for image e the scale bar is 500 nm. 
 
 
Figure 3. Normalized extinction spectra of seed and seed growth nanoparticles corresponding to SEM images in figure 2. 
 
 
Figure 4. Offset Raman and SERS spectra of R6G, MGO and TP (baseline corrected). 65 nm AgNPs were used as the 
SERS substrate. Alaser excitation of 785 nm was used with a 20 second exposure time and 5 accumulations. 
 
 
